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Summary
The transcription factor CREB is critical for several
forms of experience-dependent plasticity in a range
of species and is commonly activated in neurons
by calcium/calmodulin-dependent protein kinase IV
(CaMKIV). Surprisingly, little is known about the
neural circuit adaptations caused by activation of
CaMKIV and CREB. Here, we use viral-mediated gene
transfer in vivo to examine the consequences of
acute expression of constitutively active forms of
CaMKIV and CREB on synaptic function in the rodent
hippocampus. Acute expression of active CaMKIV or
CREB caused an enhancement of both NMDA recep-
tor-mediated synaptic responses and long-term po-
tentiation (LTP). This was accompanied by electro-
physiological and morphological changes consistent
with the generation of “silent synapses,” which pro-
vide an ideal substrate for further experience-depen-
dent modifications of neural circuitry and which may
also be important for the consolidation of long-term
synaptic plasticity and memories.
Introduction
The long-lasting reorganization of neural circuitry that
underlies experience-dependent plasticity requires
changes in gene transcription via activity-dependent
signaling to the nucleus. A transcription factor that has
received enormous attention in this context is the
cAMP response element binding protein (CREB). CREB
plays a critical, evolutionarily conserved role in nervous
system development and function and is required for
learning and memory in a wide range of species includ-
ing flies, mollusks, and rodents (Deisseroth et al., 2003;
Kandel, 2001; Lonze and Ginty, 2002; Silva et al., 1998;
West et al., 2002). Neural activity leads to CREB phos-
phorylation and activation via a number of different in-
tracellular signaling pathways, a major one of which
involves the nuclear protein kinase calcium/calmo-
dulin-dependent protein kinase IV (CaMKIV) (Deisseroth
et al., 2003; Lonze and Ginty, 2002; West et al., 2002).
Current understanding of the consequences of
CaMKIV and CREB activation for synaptic and circuit
function is surprisingly limited. Most work on this topic
has involved examining the effects of targeted genetic
deletions or disruptions of CREB or CaMKIV on long-*Correspondence: malenka@stanford.edu
1These authors contributed equally to this work.term potentiation (LTP) in the hippocampus (Balschun
et al., 2003; Barco et al., 2002; Bourtchuladze et al.,
1994; Gass et al., 1998; Ho et al., 2000; Kang et al.,
2001; Pittenger et al., 2002; Rammes et al., 2000). Re-
sults have varied significantly, with some investigators
reporting that disruption of CREB function impairs cer-
tain components or forms of LTP (Bourtchuladze et al.,
1994; Pittenger et al., 2002), while others find no signifi-
cant LTP deficits (Balschun et al., 2003; Gass et al.,
1998; Rammes et al., 2000). As previously pointed out
(Balschun et al., 2003; Gass et al., 1998; Rammes et
al., 2000), however, a major limitation of attempting to
interpret the lack of effect of genetic manipulation of
CREB on LTP is that it is impossible to rule out com-
pensatory adaptations or functional redundancy in
other transcription factors and signaling pathways. In
contrast to studies on CREB, both studies in which
CaMKIV signaling was genetically disrupted reported
deficits in LTP (Ho et al., 2000; Kang et al., 2001), al-
though there were differences in the component of LTP
that was impaired.
Experiments taking the converse approach of exam-
ining the physiological consequences of expression of
constitutively active forms of CREB or CaMKIV are
much more limited in number. Regulated expression of
a constitutively active form of CREB, which could be
turned on in vivo over the course of 1–5 weeks, ap-
peared to lower the threshold for eliciting a persistent,
late phase of LTP (Barco et al., 2002). There are no
studies on the synaptic consequences of expressing
active CaMKIV, although in young cultured neurons,
active CaMKIV was found to enhance dendritic growth,
an effect that is likely to require CREB activation as well
as other factors (Redmond et al., 2002).
Although providing information about the potential
roles (or lack thereof) of CREB and CaMKIV in some
forms of synaptic and behavioral plasticity, these previ-
ous studies had significant limitations. Detailed analy-
ses of basal synaptic function in the genetically modi-
fied neurons were not performed; information that is
required for interpreting any effects of the manipula-
tions on synaptic plasticity and behavior. Furthermore,
as mentioned above, the prolonged duration (weeks) of
the genetic manipulations may have allowed time for
significant compensatory adaptations. Here, we ad-
dress some of these issues by examining basal synap-
tic properties and synaptic plasticity in hippocam-
pal CA1 pyramidal cells in which constitutively active
CaMKIV or CREB has been expressed for w24 hr in
vivo using viral-mediated gene transfer. Results from
whole-cell voltage-clamp recordings and morphologi-
cal examination of infected and noninfected cells sup-
port the hypothesis that activation of CREB results in
the generation of new silent synapses that contain
NMDA receptors, but no (or very small numbers of)
AMPA receptors. Thus, one important consequence of
CREB activation may be to enable structural plasticity
(Chklovskii et al., 2004) by providing neurons with naive
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tResults
t
cSynaptic Effects of CaMKIVCA and CaMKIVDN
To examine the consequences for synaptic function a
sand plasticity of CaMKIV signaling, we generated recom-
binant Sindbis pseudovirions encoding constitutively o
cactive CaMKIV (CaMKIVCA) or a dominant-negative
CaMKIV (CaMKIVDN), each linked to green fluorescent I
fprotein (GFP) via an internal ribosomal entry site (IRES;
Figure 1A). These mutated forms of CaMKIV have been n
wused successfully in previous studies to investigate
CaMKIV function (Ahn et al., 1999; Redmond et al., C
p2002). Nonetheless, the activity of the CaMKIV con-
structs was first tested in dissociated hippocampal cul- w
Rtures using a nuclear phospho-CREB-S133 assay
(Deisseroth et al., 1996). Expression of CaMKIVCA r
ndramatically increased nuclear phospho-CREB stain-
ing (Figures 1B and 1C; GFP, 1.0 ± 0.05, n = 162; 0
tCaMKIVCA, 2.17 ± 0.07, n = 174), while expression of
CaMKIVDN inhibited the increase in CREB phosphory- p
lation induced by high KCl treatment (Figures 1D andFigure 1. Characterization and In Vivo Ex-
pression of CaMKIV Viruses
(A) Nomenclature and maps of constructs
used in initial experiments. (B) Represen-
tative examples of cultured hippocampal
neurons infected with GFP (top panels) or
CaMKIVCA Sindbis viruses (bottom panels)
and stained with anti-phospho-S133 anti-
body (left panels). Arrowheads point to in-
fected neurons. (C) Graph shows nuclear
phospho-CREB-S133 staining in unstim-
ulated cultured neurons infected with GFP
(n = 162) or CaMKIVCA (n = 174). (D) Repre-
sentative examples of hippocampal cultured
neurons infected with GFP (top panels) or
CaMKIVDN Sindbis viruses (bottom panels)
after 2 min of 25 mM KCl stimulation and
stained with anti-phospho-S133 antibody
(left panels). Arrowheads point to infected
neurons. (E) Graph shows nuclear phospho-
CREB-S133 staining in unstimulated and
stimulated (25 mM KCl/2 min) cultured neu-
rons infected with GFP (n = 65, n = 65,
respectively) or CaMKIVDN viruses (n = 82,
n = 97, respectively). (F) Diagram shows
schematic of in vivo experimental protocol.
(G) Photos show low-magnification (4×; top
panels) and high-magnification (40×; bottom
panels) images of hippocampal slices (left
panels show DIC images; right panels show
GFP fluorescence) prepared from animal
(PND23) injected in vivo with GFP Sindbis
virus. **p < 0.01; error bars represent SEM.E; GFP, 3.68 ± 0.22, n = 82; CaMKIVDN, 2.53 ± 0.15,
= 97).
To determine the effect of these constructs on synap-
ic function in vivo, we made stereotaxic microinjec-
ions of the viruses into the CA1 region of the hippo-
ampi of young adult rats (21–28 days old) (Figures 1F
nd 1G). One day postinjection, acute hippocampal
lices were prepared, and whole-cell recordings were
btained from infected (as indicated by GFP fluores-
ence) and nearby uninfected CA1 pyramidal neurons.
mportantly, data acquisition and analyses were per-
ormed blindly, without knowledge of which recombi-
ant protein was being expressed. We first assessed
hether postsynaptic expression of CaMKIVCA or
aMKIVDN affected presynaptic function by measuring
aired-pulse ratios, an assay that inversely correlates
ith neurotransmitter release probability (Zucker and
egehr, 2002). The PPR of uninfected and infected neu-
ons did not differ (Figure 2A; uninfected, 1.95 ± 0.08,
= 11; CaMKIVDN, 1.9 ± 0.1, n = 10; CaMKIVCA, 2.06 ±
.07, n = 14), arguing against any retrograde, presynap-
ic effect of these manipulations on average release
robability.
To examine possible postsynaptically mediated changes
Silent Synapses and CREB
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NMDAR Ratio
(A) Mean paired-pulse ratios (PPR) at 50 ms interstimulus interval
(ISI) for uninfected neurons (uninf; n = 11) and neurons expressing
CaMKIVDN (n = 10) or CaMKIVCA (n = 14). Sample traces of PPR
are shown above the graph (traces were scaled to first EPSCs;
scale bars, 20 ms/20 pA). (B) Traces show sample AMPAR EPSCs
(−70 mV) and NMDAR + AMPAR EPSCs (+40 mV) from uninf, CaM-
KIVDN, and CaMKIVCA neurons (traces were selected to obtain
matching AMPAR EPSCs at −70 mV; scale bars, 20 ms/20 pA).
AMPAR/NMDAR ratios were calculated by taking measurements at
the times indicated (AMPAR, pt1; NMDAR, pt2; see Experimental
Procedures). Graph shows mean AMPAR/NMDAR ratio values (pt1/
pt2; uninf, n = 28; CaMKIVDN, n = 19; CaMKIVCA, n = 18). (C) Cu-
mulative probability plots of AMPAR/NMDAR ratios for neurons ex-
pressing CaMKIVDN (n = 19) versus uninfected controls (n = 28). (D)
Cumulative probability plots of AMPAR/NMDAR ratios for neurons
expressing CaMKIVCA (n = 18) versus uninfected controls (n = 28).
**p < 0.01; error bars represent SEM.in synaptic strength, we compared the relative contri-
bution of AMPA receptors (AMPARs) and NMDA recep-
tors (NMDARs) to excitatory postsynaptic currents
(EPSCs). Measuring such AMPAR/NMDAR ratios mini-
mizes inherent slice-to-slice variability and has been
used successfully to measure changes in synaptic
strength in response to other in vivo manipulations
(Saal et al., 2003; Ungless et al., 2001). Ratios were cal-
culated by first holding the cells at −70 mV to obtain
an AMPAR-mediated EPSC (AMPAR EPSC) and then
depolarizing the cells to +40 mV, at which point a mea-
surement of the NMDAR-mediated EPSC (NMDAR
EPSC) could be obtained (Figure 2B). While expression
of CaMKIVDN did not affect the relative contribution of
AMPARs and NMDARs to EPSCs (Figures 2B and 2C;
uninfected, 3.22 ± 0.31, n = 28; CaMKIVDN, 3.03 ± 0.39,
n = 19), there was a significant decrease in the AMPAR/
NMDAR ratio in cells expressing CaMKIVCA relative
to nearby uninfected neurons (Figures 2B and 2D;
CaMKIVCA, 2.08 ± 0.21, n = 18). The lack of effect ofCaMKIVDN suggests that the expression of Sindbis vi-
ral genes alone does not influence basal synaptic
transmission. It is conceivable, however, that expres-
sion of CaMKIVDN had an effect on synaptic function
that counteracted and masked effects of Sindbis virus
expression. To further test this possibility, we examined
the consequences of Sindbis virus-mediated expres-
sion of GFP. Consistent with previous reports (Hayashi
et al., 2000; Takahashi et al., 2003), Sindbis virus infec-
tion had no detectable effect on synaptic function as
assessed by measuring the AMPAR/NMDAR ratio,
which was essentially identical in GFP-expressing cells
(3.31 ± 0.42; n = 10; data not shown) to that of unin-
fected and CaMKIVDN-expressing cells.
Although a change in the AMPAR/NMDAR ratio sug-
gests that some postsynaptic modification in receptor
function and/or number has occurred (Saal et al., 2003;
Ungless et al., 2001), it does not indicate whether
AMPARs, NMDARs, or both have been modified. To de-
termine this, we performed pairwise comparisons of
AMPAR EPSCs and NMDAR EPSCs in infected and
closely adjacent uninfected neurons using identical af-
ferent stimulation (Shi et al., 2001). Such experiments
revealed that, when normalized to the amplitude of
EPSCs in their adjacent uninfected neurons, neurons
expressing CaMKIVCA exhibited an increase in both
AMPAR EPSCs (Figures 3A and 3B; 230% ± 36%; n =
16) and NMDAR EPSCs (Figures 3C and 3D; 284% ±
54%; n = 15). Although it did not reach statistical signifi-
cance, the relative increase in NMDAR EPSCs was
greater than that of AMPAR EPSCs, a trend that is likely
to explain the decrease in the AMPAR/NMDAR ratio. As
expected by the unchanged AMPAR/NMDAR ratio, the
AMPAR EPSCs (Figure 3B; 100% ± 20%; n = 12) and
NMDAR EPSCs (Figure 3D; 79% ± 20%; n = 11) were
unaffected in CaMKIVDN-expressing neurons com-
pared to their uninfected neighbors. To further examine
the increase in AMPAR-mediated synaptic transmission
in neurons expressing CaMKIVCA, we also recorded
miniature AMPAR-mediated EPSCs (mEPSCs). We found
no difference in the amplitude of mEPSCs of CaMKIVCA-
expressing neurons compared to nearby uninfected
neurons (Figures 3E and 3F; uninfected, −8.97 ± 0.35
pA, n = 6; CaMKIVCA, −8.64 ± 0.26 pA, n = 6) but de-
tected a significant increase in mEPSC frequency (Fig-
ures 3G and 3H; uninfected, 0.74 ± 0.15 Hz; CaMKIVCA,
1.3 ± 0.22 Hz), a change that most simply can be attrib-
uted either to presynaptic modifications, which were
not detected using the PPR assay, or to an increase in
functional synapse number.
We also examined the effect of expressing the
CaMKIV constructs on synaptic plasticity, specifi-
cally NMDAR-dependent LTP and LTD. While expres-
sion of CaMKIVDN did not alter long-term potentiation
(LTP; Figures 4A and 4B; GFP, 150% ± 8.8%, n = 6;
CaMKIVDN, 139% ± 14.5%, n = 6) or long-term depres-
sion (LTD; Figures 4C and 4D; GFP, 67% ± 4%, n = 6;
CaMKIVDN, 57% ± 5%, n = 6) relative to GFP-infected
neurons, expression of CaMKIVCA dramatically in-
creased the magnitude and maintenance of LTP (Fig-
ures 4A and 4B; CaMKIVCA, 199% ± 17.9%, n = 6),
while LTD was unaffected (Figures 4C and 4D; CaM-
KIVCA, 55% ± 7%, n = 6).
Neuron
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(A) Comparison of the amplitude of AMPAR EPSCs from neighboring CaMKIVCA-expressing and uninfected neurons. For each pair, the
amplitude of the AMPAR EPSC of the CaMKIVCA-expressing neuron is plotted against its uninfected neighbor (n = 16). (B) Average percent
change of AMPAR EPSC of CaMKIVCA-expressing (left; n = 16) or CaMKIVDN-expressing (right; n = 12) neurons relative to neighboring
uninfected control neurons (normalized to 100%). Statistical analysis was performed as described in the Experimental Procedures. Overlays
of sample EPSCs from infected and uninfected neighboring cells are shown (scale bars, 20 ms/20 pA). (C and D) NMDAR EPSCs from
CaMKIVCA-expressing (n = 15) or CaMKIVDN-expressing (n = 11) neurons compared to their neighboring uninfected neurons plotted as in
(A) and (B) (scale bars, 20 ms/20 pA). (E and F) Mean AMPAR mEPSC amplitude (E) and cumulative probability plot of mEPSC amplitudes (F)
in CaMKIVCA-expressing and nearby uninfected neurons (n = 6 in each group). (G and H) Mean AMPAR mEPSC frequency (G) and cumulative
probability plot of mEPSC frequency (H) in CaMKIVDN-expressing and nearby uninfected neurons (n = 6 in each group). *p < 0.05; error bars
represent SEM.Synaptic Effects of CREBCA I
wA major target of CaMKIV is the transcription factor
CREB, which plays a critical role in many different C
8forms of experience-dependent plasticity (Deisseroth
et al., 2003; Kandel, 2001; Lonze and Ginty, 2002; Silva t
ret al., 1998; West et al., 2002). Indeed, we found that
expression of CaMKIVCA in cultured hippocampal neu- n
frons greatly increased phosphorylation of endogenous
CREB (Figures 1B and 1C). To determine if the changes 2
iin synaptic efficacy and plasticity due to activated
CaMKIV might be mediated by the activation of CREB, i
(we examined the effects of a constitutively active form
of CREB (CREBCA) that has previously been shown to s
pinduce high levels of CRE-dependent transcription and
have significant biological effects in two different cell C
slines (Du et al., 2000; Sordella et al., 2002). To confirm
that the CREBCA construct functioned as expected in n
pneurons, we first tested its ability to enhance CRE-
dependent transcription in cultured hippocampal neu- u
Crons by coexpressing it with a c-fos-GFP reporter con-
struct driven by the c-fos promoter (Barth et al., 2004),
sa well-established endogenous CREB target (Lonze
and Ginty, 2002; West et al., 2002). Consistent with its a
eeffects in other cell types (Du et al., 2000; Sordella et
al., 2002), expression of CREBCA increased c-fos- 1
Cdriven GFP levels significantly compared to wild-type
CREB (CREBWT) (1.74 ± 0.2, n = 98, 1 ± 0.16, n = 99, L
7respectively; Figure 5A).
Having confirmed that CREBCA drives CRE-depen- 5
Ndent transcription in neurons, we then performed the
same electrophysiological assays using in vivo injec- d
wtion of a virus encoding CREBCA linked to GFP via anRES (Figure 5B). As observed with CaMKIVCA, there
as no difference in the PPR of uninfected and
REBCA-infected neurons (uninfected, 1.76 ± 0.09, n =
; CREBCA, 1.68 ± 0.08, n = 8; data not shown), but
here was a significant decrease in the AMPAR/NMDAR
atio in CREBCA-expressing neurons compared to
eighbor uninfected cells (Figures 5C and 5D; unin-
ected, 3.23 ± 0.28, n = 20; CREBCA, 2.16 ± 0.25, n =
0). However, in contrast to CaMKIVCA, this decrease
n the AMPAR/NMDAR ratio was due primarily to an
ncrease in NMDAR-mediated synaptic transmission
Figure 5F; 218% ± 57%; n = 19), as there was not a
ignificant increase in AMPAR EPSCs in neurons ex-
ressing CREBCA (Figure 5E; 134% ± 26%; n = 20).
onsistent with its lack of effect on AMPAR-mediated
ynaptic transmission, expression of CREBCA also had
o detectable effect on AMPAR-mediated mEPSC am-
litude or frequency (Figures 5G and 5H, respectively;
ninfected, −9.33 ± 0.35 pA, 0.47 ± 0.09 Hz, n = 8;
REBCA, −10.27 ± 0.86 pA, 0.47 ± 0.08 Hz, n = 8).
Similar to the effects of CaMKIVCA, however, expres-
ion of CREBCA dramatically increased LTP magnitude
nd maintenance compared to uninfected and GFP-
xpressing neurons (Figures 6A and 6B; uninfected,
64% ± 16.8%, n = 7; GFP, 150% ± 10.7%, n = 5;
REBCA, 266% ± 37.8%, n = 5) but had no effect on
TD (Figures 6C and 6D; uninfected, 81% ± 5.4%, n =
; GFP, 82% ± 9.5%, n = 5; CREBCA, 77% ± 11.3%, n =
). Together, these results suggest that the increases in
MDAR-mediated synaptic transmission and LTP are
ue to the activation of CREB-dependent transcription,
hile the changes in AMPAR-mediated synaptic trans-
Silent Synapses and CREB
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LTD
(A) Summary graphs of LTP elicited in neurons expressing GFP (n =
12), CaMKIVDN (n = 7), and CaMKIVCA (n = 7). Traces shows sam-
ple EPSCs pre-LTP induction (1) and post-LTP induction (2; 45–60
min post) in GFP- and CaMKIVCA-expressing neurons (scale bars,
20 ms/50 pA). (B) Summary of LTP magnitude (45–60 min post-
LTP induction as percent of baseline) in GFP-, CaMKIVDN-, and
CaMKIVCA-expressing neurons (n = 6 for each; recordings from
some cells were lost prior to 60 min post-LTP induction). (C) Sum-
mary graphs of LTD elicited in GFP-, CaMKIVDN-, and CaMKIVCA-
expressing neurons (n = 6 for each). Traces show sample EPSCs
pre-LTD induction (1) and post-LTD induction (2; 25–40 min post)
(scale bars, 20 ms/50 pA). (D) Summary of LTD magnitude (25–40
min post-LTD induction as percent of baseline) in neurons express-
ing GFP (n = 6), CaMKIVDN (n = 6), and CaMKIVCA (n = 6). *p <
0.05; error bars represent SEM.Figure 5. In Vivo Expression of CREBCA Enhances NMDAR-Medi-
ated but Not AMPAR-Mediated Synaptic Transmission
(A) Graph shows expression levels of a nuclear c-fos-GFP reporter
construct driven by the c-fos promoter when coexpressed with
wild-type CREB (CREBWT; n = 99) or constitutively active CREB
(CREBCA; n = 98) in cultured hippocampal neurons. (B) Map of the
CREBCA Sindbis virus used. (C) Mean AMPAR/NMDAR ratios of
CREBCA-expressing and neighboring uninfected neurons (n = 20
each). Traces show sample AMPAR EPSCs (−70 mV) and NMDAR +
AMPAR EPSCs (+40 mV) from uninfected and CREBCA-expressing
neurons (scale bars, 20 ms/20 pA). (D) Cumulative probability plot
of the AMPAR/NMDAR ratios from CREBCA-expressing and neigh-
bor uninfected neurons. (E) Average percent change of AMPAR
EPSCs of CREBCA-expressing neurons relative to neighboring un-
infected control neurons (n = 20). Overlay of sample EPSCs of a
pair is shown (scale bars, 20 ms/20 pA). (F) Average percent
change of NMDAR EPSCs of CREBCA-expressing neurons relative
to neighboring uninfected control neurons (n = 19). Overlay of sam-
ple EPSCs of a pair is shown (scale bars, 20 ms/20 pA). (G and H)
Mean AMPAR mEPSC amplitude (G) and frequency (H) in CREBCA-
expressing and uninfected neurons (n = 8 in each group). **p < 0.01
and *p < 0.05; error bars represent SEM.mission require actions of CaMKIV on different and/or
additional substrate proteins.
Generation of Silent Synapses by CREBCA
A simple but compelling hypothesis to explain the in-
creases in NMDAR-mediated transmission and LTP
(without effects on LTD) due to expression of CaM-
KIVCA and CREBCA is that activation of CREB leads to
the generation of so-called silent synapses (Durand et
al., 1996; Isaac et al., 1995; Kullmann, 1994; Liao et al.,
1995). These synapses are termed silent because they
contain only NMDARs and no (or undetectable levels
of) AMPARs and thus are functionally silent at resting
membrane potentials. They are “unsilenced” during
LTP by the insertion of AMPARs into the synaptic
plasma membrane (Malinow and Malenka, 2002). More
silent synapses would, by definition, increase NMDAR-
mediated synaptic responses without affecting AMPAR
EPSCs and also would enhance the magnitude of LTP
by providing synapses that had not previously been po-
tentiated. Furthermore, since they are silent, such syn-
apses cannot express LTD.We used two different electrophysiological assays to
determine whether CREBCA-expressing neurons ex-
pressed more silent synapses compared to neighboring
uninfected control cells. The first approach, which pro-
vided important initial support for the existence of silent
Neuron
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(
(A) Summary graphs of LTP elicited in uninfected (n = 7), GFP-
nexpressing (n = 5), and CREBCA-expressing (n = 7) neurons. Traces
bshow sample EPSCs pre-LTP induction (1) and post-LTP induction
p(2; 45–60 min post) (scale bars, 20 ms/50 pA). (B) Summary of LTP
magnitude (45–60 min post-LTP induction as percent of baseline) 2
in uninfected (n = 7), GFP-expressing (n = 5), and CREBCA- s
expressing (n = 5) neurons. (C) Summary graphs of LTD elicited in s
uninfected (n = 6), GFP-expressing (n = 5), and CREBCA-express-
aing (n = 5) neurons. Traces shows sample EPSCs pre-LTD induction
r(1) and post-LTD induction (2; 25–40 min post) (scale bars, 20 ms/
c20 pA). (D) Summary of LTD magnitude (25–40 min post-LTD induc-
tion as percent of baseline) in uninfected (n = 6), GFP-expressing m
(n = 5), and CREBCA-expressing (n = 5) neurons. *p < 0.05; error p
bars represent SEM. f
n
psynapses and their unsilencing during LTP (Kullmann,
m1994), involved comparing the coefficient of variation
b(CV) of the AMPAR EPSCs and NMDAR EPSCs. The CV
cmeasures the trial-to-trial variability of synaptic re-
csponses and varies inversely with quantal content. In
cgeneral, the lower the CV of EPSCs the larger the
bnumber of synapses that contribute to the measured
vsynaptic response. Thus, when a mixture of silent and
afunctional synapses contribute to an evoked synaptic
acurrent, the CV of NMDAR EPSCs is less than that of
AMPAR EPSCs (Kullmann, 1994) (Figure 7A). We pre-
dicted that if the increase in NMDAR-mediated synaptic M
Stransmission in CREBCA-expressing neurons is due to
an increase in silent synapses, we should observe a g
adecrease in the within-cell ratio of the CV of NMDAR
EPSCs to that of AMPAR EPSCs. Consistent with this N
tprediction, this CV ratio was significantly smaller in
CREBCA-expressing cells (Figure 7B; uninfected, 1.06 ± A
t0.12, n = 21; CREBCA, 0.81 ± 0.05, n = 24). A compari-
son of the raw CV measurements between the two cell c
ipopulations suggests that this change is due to a de-
crease in the CV of NMDAR EPSCs in the CREBCA- t
dexpressing neurons, not an increase in the CV of
AMPAR EPSCs (Figure 7C; CV of AMPAR EPSCs, unin- c
Cfected 0.22 ± 0.02, CREBCA 0.23 ± 0.01; CV of NMDARPSCs, uninfected 0.23 ± 0.04, CREBCA 0.18 ± 0.01).
similar decrease in the ratio of the CV of NMDAR
PSCs to that of AMPAR EPSCs was observed in neu-
ons expressing CaMKIVCA compared to uninfected
ontrols and CaMKIVDN-expressing neurons (CaM-
IVCA, 0.89 ± 0.09, n = 14; CaMKIVDN, 1.01 ± 0.09,
= 17; uninfected, 1.17 ± 0.09, n = 27; p < 0.05; data
ot shown).
The second approach used minimal stimulation tech-
iques to produce a mixture of synaptic responses and
ailures (Isaac et al., 1996; Liao et al., 1995). When small
umbers of silent and functional synapses are acti-
ated, the proportion of failures decreases (i.e., the pro-
ortion of successes increases) when EPSCs are sam-
led at +40 mV versus −65 mV (Figure 7D), because
ilent synapses do not contribute to EPSCs at hyperpo-
arized membrane potentials but do contribute at depo-
arized membrane potentials at which NMDARs can
ass current. This difference in success rates at depo-
arized versus hyperpolarized membrane potentials is
nother important piece of evidence that supports the
xistence of silent synapses (Liao et al., 1995). In unin-
ected cells, there was a modest increase in the percent
f successes at +40 mV when compared to −65 mV
Figure 7E, top panel; 64% ± 4.8% versus 57% ± 2.1%;
= 8). This difference in success rate at the two mem-
rane potentials was significantly larger in cells ex-
ressing CREBCA (Figure 7E, bottom panel; 77% ±
.9% versus 58% ± 3.1%; n = 10). By comparing the
uccess rates at the two membrane potentials and as-
uming that the average probability of release at silent
nd functional synapses is similar, it is possible to di-
ectly estimate the proportion of silent synapses per
ell (Liao et al., 1995). Such a calculation (see Experi-
ental Procedures) resulted in an estimate of the pro-
ortion of silent synapses to be 19% ± 7.2% in unin-
ected neurons and 41% ± 4.8% in CREBCA-infected
eurons (Figure 7F, top panel). This difference in the
roportion of silent synapses can be seen most dra-
atically when CREBCA-expressing cells and neigh-
oring uninfected cells in the same slice are directly
ompared (Figure 7F, bottom panel). Together, the
hanges in the CV ratios and the relative change in suc-
ess rates at depolarized versus hyperpolarized mem-
rane potentials in CREBCA-expressing neurons pro-
ide strong evidence supporting the hypothesis that
ctivation of CREB caused generation of silent syn-
pses.
orphological Effects of CaMKIVCA and CREBCA
ilent synapses could be generated by one of two
eneral mechanisms: the removal of AMPARs from syn-
pses that originally contained both AMPARs and
MDARs or the production of new synapses that con-
ain only NMDARs. Since there was no change in
MPAR-mediated transmission in CREBCA neurons,
he generation of silent synapses is probably due to the
reation of new silent synapses rather than the silenc-
ng of preexisting AMPAR-containing synapses. To fur-
her test this hypothesis, we examined whether the
ensity of dendritic spines, the postsynaptic site of ex-
itatory synapses, was increased in CaMKIVCA- and
REBCA-expressing neurons. Neurons were filled with
Silent Synapses and CREB
747Figure 7. Silent Synapses Are Generated by
In Vivo Expression of CREBCA
(A) Plot of amplitudes of AMPAR EPSCs (−70
mV) and NMDAR EPSCs (+40 mV) in a
CREBCA-expressing neuron and their re-
spective calculated coefficients of variation
(CV). (B) Mean ratios of CV of NMDAR EPSCs
to CV of AMPAR EPSCs in uninfected (n =
21) and CREBCA-expressing (n = 24) neu-
rons. (C) Mean CV of AMPAR EPSCs and
NMDAR EPSCs in uninfected and CREBCA-
expressing neurons. (D) Example of a mini-
mal stimulation experiment in a CREBCA-
expressing neuron showing decrease in
failures when recording EPSCs at +40 mV
versus −65 mV. Traces show five consecutive
synaptic responses recorded at −65 mV and
+40 mV (scale bars, 10 ms/10 pA). (E)
Average percent success rate when record-
ing at −65 mV versus +40 mV in uninfected
(n = 8; top panel) and CREBCA-expressing
(n = 10; bottom panel) neurons. (F) Calcu-
lated percentage of silent synapses in unin-
fected (n = 8) and CREBCA-expressing (n =
10) neurons (top panel). Pairwise compari-
son (bottom panel; n = 7 pairs) of percentage
of silent synapses in CREBCA-expressing
neurons compared to neighboring unin-
fected neurons. **p < 0.01 and *p < 0.05; er-
ror bars represent SEM.the fluorophore Alexa 568 via the whole-cell patch-
clamp recording pipette (De Simoni et al., 2003), and
three-dimensional images of apical secondary den-
drites were reconstructed from confocal Z stacks (Fig-
ure 8A). Images were acquired and analyzed blind with-
out knowledge of the protein being expressed. All types
of spines were counted, including stubby, mushroom,
and thin spines (De Simoni et al., 2003; Harris et al.,
1992). A visual count of the number of spines per unit
length of dendrite revealed that spine density was sig-
nificantly increased in both CaMKIVCA- and CREBCA-
expressing neurons compared to neurons expressing
GFP (Figure 8B; GFP, 13.18 ± 0.04 spines/10 m; CaM-
KIVCA, 14.46 ± 0.03 spines/10 m; CREBCA, 16.26 ±
0.07 spines/10 m). This morphological change is con-
sistent with the hypothesis that these molecular manip-
ulations caused the generation of new silent synapses.
If CREB activation leads to the generation of silent
synapses, cells expressing CREBCA, when compared
to control cells, should have a relative increase in the
number of synapses containing NMDARs but not the
number of synapses containing AMPARs. In a final set
of experiments, we tested this prediction using dissoci-
ated hippocampal neuronal cultures, a preparation in
which immunocytochemical visualization of endoge-
nous NMDARs and AMPAR at individual synapses is
possible. Specifically, we compared the density of syn-
aptic NMDAR and AMPAR puncta, which were defined
by colocalization with the presynaptic active zone pro-
teins Piccolo or Bassoon (see Experimental Procedures),
between cells infected with the CREBCA virus versus
cells infected with the virus that expresses GFP alone.
Consistent with our hypothesis, neurons expressing
CREBCA had significantly more synaptic NMDAR
puncta per unit length of dendrite (Figure 8C; GFP, 1 ±0.114; CREBCA, 1.342 ± 0.089), while there was no sig-
nificant change in the density of synaptic AMPAR
puncta in the CREBCA-expressing neurons (Figure 8D;
GFP, 1 ± 0.07; CREBCA, 0.908 ± 0.083).
Discussion
We have presented several lines of evidence that acute
in vivo expression of constitutively active CaMKIV or
CREB in hippocampal pyramidal cells caused synaptic
and morphological changes that were consistent with
the generation of silent synapses. Since silent syn-
apses provide an ideal substrate for LTP (Durand et al.,
1996; Isaac et al., 1995; Kullmann, 1994; Liao et al.,
1995; Malinow and Malenka, 2002), the increase in LTP
magnitude due to CaMKIV and CREB can be explained
by the increase in the proportion of silent synapses,
although additional mechanisms cannot by ruled out.
For example, LTP is also enhanced in transgenic mice
expressing active CREB for more prolonged durations
(3–7 days), an effect that was attributed to a CREB-
mediated enhancement of the production of proteins
that need to be “captured” by synapses to consolidate
or maintain LTP (Barco et al., 2002). While the two data
sets and hypotheses are not mutually exclusive, and
both mechanisms may importantly contribute to the
synaptic adaptations caused by CREB activation, many
of the results in this previous work can be explained by
the CREB-dependent generation of silent synapses.
Although the existence of silent synapses has re-
ceived strong experimental support from anatomical
studies at both the light and electron microscopic
levels (Rao and Craig, 1997; Gomperts et al., 1998;
Petralia et al., 1999; Nusser et al., 1998; Takumi et al.,
1999) there are alternative explanations for some of the
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Figure 8. CREBCA Increases Spine Density In Vivo and Synaptic t
NMDAR Puncta Density In Vitro O
(A) Confocal micrograph of Alexa 568-filled secondary dendrite t
showing examples of the three major spine shapes. (B) Mean spine o
density (per 10 m) in GFP-expressing (n = 7), CaMKIVCA-express-
ping (n = 5), and CREBCA-expressing (n = 7) neurons. (C) Synaptic
vNMDAR density increases following CREBCA expression. (C1)
eConfocal images of dendritic segments of GFP- or CREBCA-
expressing neurons immunostained for NMDAR1 and Piccolo. (C2) C
Graph of synaptic NMDAR puncta per unit length of dendrite for C
neurons expressing GFP (n = 39) or CREBCA (n = 39). (D) Synaptic d
AMPAR density is not affected by CREBCA expression. (D1) Confo- a
cal images of dendritic segments of GFP- or CREBCA-expressing
cneurons immunostained for GluR1 and Bassoon. (D2) Graph of syn-
aptic AMPAR puncta per unit length of dendrite for neurons ex-
dpressing GFP (n = 35) or CREBCA (n = 36). **p < 0.01 and *p < 0.05;
error bars represent SEM. l
t
i
electrophysiological changes we have used to support c
our hypothesis that expression of CREBCA increases G
the proportion of silent synapses. Most importantly, l
there is evidence that “spillover” of glutamate can o
cause activation of NMDARs at synapses at which glu- w
tamate release has not occurred (Kullmann, 2000; Sci- e
memi et al., 2004). Such spillover can contribute to q
measurements of the CV of NMDAR EPSCs as well as C
the proportion of successes when measured at mem- h
brane potentials at which NMDARs can contribute to e
the synaptic responses. Therefore, it is formally pos- s
sible that postsynaptic expression of CREBCA caused a
some retrograde signaling that modified presynaptic c
transmitter release in a manner that did not affect the C
apaired-pulse ratio (an assay of average release prob-bility) but did enhance the spillover of glutamate (for
xample, by inducing an increase in multivesicular re-
ease or the amount of glutamate released per synaptic
esicle). Such a hypothesis, however, cannot explain
he morphological changes that we observed, specifi-
ally the CREBCA-induced increase in spine density
nd the increase in the density of synaptic NMDAR but
ot AMPAR puncta in cultured neurons. Furthermore,
t seems unlikely that postsynaptic CREBCA-mediated
nhancement of presynaptic glutamate spillover could
omehow robustly increase LTP while having no effect
n LTD.
CaMKIVCA caused many of the same synaptic changes
s CREBCA but also increased AMPAR-mediated syn-
ptic transmission, an effect that could be due to ac-
ions of CaMKIV on other substrates (Chawla et al.,
998; Impey et al., 2002). A hypothesis that might ex-
lain all of our results is that expression of CaMKIVCA,
n addition to increasing the proportion of silent syn-
pses via activation of CREB, also stimulated the
rowth of the dendritic arbor, an effect that in cultured
eurons has been shown to require factors in addition
o CREB (Redmond et al., 2002). This would account
or the increase in AMPAR EPSCs and mEPSC fre-
uency in CaMKIVCA-expressing neurons, assuming
hat more functional synapses occurred on the ex-
ended dendritic tree. We note, however, that we have
ot presented direct evidence that the synaptic effects
f CaMKIVCA, which mimic those caused by CREBCA,
re in fact due to phosphorylation and activation of
REB. It is conceivable that, despite their very similar
ffects, CREB does not participate in mediating the ac-
ions of CAMKIVCA in CA1 pyramidal cells in vivo.
ther work, specifically on the role of CaMKIV in synap-
ic plasticity, used mutant mice either lacking CaMKIV
r expressing a dominant-negative form of CaMKIV and
resented different conclusions about its role in the late
ersus the early phases of LTP (Ho et al., 2000; Kang
t al., 2001). We observed no significant effects of
AMIVDN on the first hour of LTP, and the effects of
aMKIVCA were most apparent 50–60 min after the in-
uction protocol, results that are most consistent with
role for CaMKIV signaling in the later phases or so-
alled maintenance of LTP.
The experiments using CaMKIVCA do not directly ad-
ress the issue of which signaling pathways normally
ead to CREB activation during various forms of synap-
ic and experience-dependent plasticity. While CaMKIV
s certainly a prime candidate, other signaling cascades
an activate CREB (Deisseroth et al., 2003; Lonze and
inty, 2002; West et al., 2002) and thus can presumably
ead to the synaptic modifications reported here. An-
ther limitation of our experiments is that, by necessity,
e have examined the synaptic consequences of over-
xpression of active CaMKIV and CREB, not the conse-
uences of the activation of endogenous CaMKIV or
REB. While overexpression of recombinant proteins
as been a valuable approach that is routinely used to
xamine the functions of individual proteins, it is pos-
ible that the effects caused by overexpression of the
ctive CaMKIV and CREB do not exactly mimic those
aused by the activation of endogenous CaMKIV and
REB. To address that issue, however, will require the
bility to identify, in living tissue, the individual neurons
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some in vivo experience. This is a particularly challeng-
ing task in a structure like the hippocampus, in which
the neural representation of experiences, such as ex-
ploring a novel environment, appear to be encoded
sparsely such that only a modest proportion (30%–
40%) of CA1 pyramidal cells are activated (Guzowski et
al., 1999; Vazdarjanova et al., 2002; Wilson and Mc-
Naughton, 1993) and presumably modified by signaling
to the nucleus. Thus, at the present time, it is not pos-
sible to directly demonstrate that activation of endoge-
nous CaMKIV and CREB in CA1 pyramidal cells by
some in vivo experience causes the same effects as
those reported here.
What advantages for experience-dependent plastic-
ity might the CREB-mediated generation of new silent
synapses provide? One possibility is that silent syn-
apses provide a new substrate that will be devoted en-
tirely to the neural circuit adaptations that store new
memories or experiences. According to this hypothe-
sis, the activation of CREB would not only contribute
to the maintenance of the synaptic weight changes that
mediate long-lasting memories but also, simultane-
ously, would provide neurons with naive synapses ideal
for participation in future neural circuit adaptations. In-
deed, the computational advantages of such structural
changes in circuit wiring have recently been highlighted
(Chklovskii et al., 2004). The morphological changes in
spine number and shape that have been reported to
accompany LTP can be viewed as consistent with this
hypothesis. When single synapses/spines are activated
using caged glutamate, a stimulus that rapidly elicits
LTP but is unlikely to potently activate nuclear signal-
ing, preexisting spines enlarge, but new spines or filo-
podia are not generated (Matsuzaki et al., 2004). In con-
trast, strong tetanic activation of multiple synapses, an
ideal stimulus for signaling to the nucleus, results in
the generation of new spines or filopodia (Engert and
Bonhoeffer, 1999; Maletic-Savatic et al., 1999). This
process requires at least 20 min and therefore cannot
be part of the initial increase in synaptic strength during
LTP. Instead, one function of CREB activation may be
to stabilize and maintain these new postsynaptic struc-
tures such that they become silent synapses. Consis-
tent with this hypothesis, it has been reported that acti-
vation of CREB is required for the increase in spine
density in cultured neurons caused by prolonged expo-
sure to estradiol (Murphy and Segal, 1997).
A related but distinct hypothesis is that the genera-
tion of new silent synapses may be required for the
consolidation of long-term memories, a process in
which CREB has been implicated (Kandel, 2001; Kida
et al., 2002; Silva et al., 1998). This might explain the
intriguing finding that consolidation of long-term mem-
ories requires the reactivation of NMDARs after initial
learning (Shimizu et al., 2000). In this case, the silent
synapses generated by CREB activation provide a criti-
cal substrate for the further NMDAR-dependent synap-
tic modifications that are required for the long-term
maintenance/consolidation of recently formed memories.
It is worthwhile noting that the significance of our re-
sults does not depend on activation of CREB playing a
critical role in the late phase and maintenance of LTP,
a hypothesis that, as described in the introduction, re-mains controversial. CREB-dependent transcription
has been implicated in many forms of adaptive experi-
ence-dependent plasticity as well as in pathological
states such as addiction (Nestler, 2001) and depression
(Duman et al., 1997). Thus, the present findings have
wide-ranging implications, especially if other cell types
in the mammalian brain respond to CREB activation in
the same manner. The approach taken here, which al-
lows for temporal and spatial control of transgene ex-
pression in a cell-restricted manner, should prove use-
ful for further investigation of the critical question of
which CRE-driven gene products mediate the synaptic
consequences of CREB activation.
Experimental Procedures
Virus Cloning and Production
CaMKIVDN contains a mutation in the ATP binding site (K75E), and
CaMKIVCA has a deletion of the autoinhibitory domain (aa 1–317)
(constructs generously provided by Dr. T. Chatila) (Ho et al., 1996).
CREBCA has a gain-of-function point mutation in the KID domain
(Y134F) (construct generously provided by Dr. M. Montminy) (Du et
al., 2000). All three cDNAs were introduced into a pSINREP5-IRES-
GFP backbone vector derived from pSINREP5 (Invitrogen) and
pIRES2-EGFP (Clontech) by PCR cloning. Recombinant Sindbis
pseudovirions were generated using the Sindbis expression kit (In-
vitrogen). Viral supernatant was harvested 36 hr after transfection
of the BHK cells and concentrated as described (Yuste et al., 2000).
Nuclear Phospho-CREB-S133 Assay
Rat dissociated hippocampal neuronal cultures were prepared as
described previously (Yu and Malenka, 2003). Cultures were treated
with 1 M TTX from DIV6 to reduce basal phosphorylation of CREB
and infected on DIV8 with 0.5 l of concentrated virus solution for
12 hr. Stimulation to increase CREB phosphorylation consisted of
applying 25 mM KCl for 2 min. Nuclear phospho-CREB-S133 was
detected using rabbit polyclonal anti-phospho-CREB (Upstate) and
Alexa 568 goat anti-rabbit (Molecular Probes) secondary antibody.
Images were acquired on a Zeiss LSM 510 laser-scanning confocal
microscope with a 40× oil immersion Neofluor objective (N.A. = 1.3).
Random fields containing GFP-positive cells were selected for
acquisition under GFP excitation without knowledge of experimen-
tal condition. Data analysis was also performed blind using Meta-
morph software (Universal Imaging). Briefly, nuclear phospho-
CREB fluorescence values were obtained for each GFP-positive
cell by quantifying the mean nuclear intensity of the phospho-
CREB staining overlying GFP-positive pixels. Each construct was
tested in a minimum of two independent experiments with two cov-
erslips per experimental condition. “n” refers to number of cells. A
GFP control was included in each experimental condition to nor-
malize across different experiments.
CRE-Dependent Transcription Assay
Rat dissociated hippocampal neuronal cultures were prepared as
described previously (Yu and Malenka, 2003). Cultures were grown
in low serum (0.75%) and treated with 1 M TTX at DIV8 to block
action potentials and reduce basal CRE-dependent transcription.
CREBCA or CREBWT (constructs generously provided by Dr. M.
Montminy) (Du et al., 2000) were cotransfected with a c-fos-GFP
fusion construct under control of the c-fos promoter (Barth et al.,
2004) using calcium phosphate at DIV7 and fixed for analysis 48 hr
later. CREB-expressing neurons were detected using mouse mono-
clonal anti-FLAG (Sigma) and Alexa 568 donkey anti-mouse
(Molecular Probes) secondary antibody. Images were acquired and
analyzed as described for the phospho-CREB assay by randomly
selecting FLAG-positive cells and quantifying nuclear GFP fluores-
cence without knowledge of experimental condition. Each con-
struct was tested in a minimum of two independent experiments
with two coverslips per experimental condition. “n” refers to number
of cells.
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dPND21–28 Sprague-Dawley rats (50–80 g) were fully anesthetized
and prepared for stereotaxic injection according to standard pro- o
Ecedures (approved by the Stanford University Administrative Panel
on Laboratory Animal Care). Briefly, animals were anesthetized with s
Sa mixture of ketamine (0.2 mg/g body weight) and xylazine (0.04
mg/g body weight) by intraperitoneal injection. After immobilization h
Eon a stereotaxic instrument, a hole was drilled (1–2 mm diameter)
at −4 mm posterior and 2.5 mm lateral to bregma for injection in s
tthe CA1 region of the hippocampus. Using a stainless steel cannula
(Plastic One) at a depth of 2.4 mm, viral solution (0.5 l) was in- p
1jected with a Harvard Apparatus pump at a flow rate of 0.1 l/min.
0
s
Electrophysiology b
Acute hippocampal slices (250–300 m thick) were prepared 24 q
hr after in vivo injections using standard procedures. Whole-cell F
recordings were obtained from CA1 pyramidal neurons under visual o
guidance (Nikon Eclipse E600 FN, Olympus BX50WI) using fluores- p
cent and transmitted light illumination. Approximately 75% of re- a
cordings were made and analyzed in a blind manner without knowl- c
edge of the identity of the virus being assayed. When results from e
uninfected, control cells are presented in the figures and text, they (
are taken only from those recordings, which were made from the c
same set of slices containing the infected cells to which they are
being compared. Slices were submerged, and the recording cham- Sber was perfused with Ringer’s solution at room temperature (23°C)
G(except for experiments illustrated in Figures 3E–3H, which were
dperformed at 30°C–32°C). The Ringer’s solution contained 119 mM
4NaCl, 2.5 mM KCl, 4 mM CaCl2, 4 mM MgSO4, 1 mM NaH2PO4, Z26.2 mM NaHCO3, 11 mM glucose, and 0.1 mM picrotoxin and was igassed continuously with 95% O2 and 5% CO2. For AMPAR amEPSC recordings, TTX (0.5 M) was added to the external solu-
ution, and MgSO4 was lowered to 0.5 mM. Whole-cell recording pi- spettes (2–4 M) were filled with a solution containing the following:
w100 mM CsMeSO4, 15.5 mM CsCl, 10 mM TEA-Cl, 10 mM HEPES, w0.25 mM EGTA, 8 mM NaCl, 10 mM glucose, 0.3 mM Na3GTP, and
2 mM MgATP (pH 7.25; osmolality 280–290 mOsm). To examine
Sdendritic spines, 0.2 mg/ml Alexa Fluor 568 hydrazide (Molecular
RProbes) was added to the internal patch solution. Recordings were
2made using an Axopatch 1D amplifier (Axon Instruments), and
rseries (10–20 M) and input (100–200 M) resistances were moni-
ftored online throughout each experiment. A single Schaffer collat-
Aeral/commissural fiber pathway per slice was stimulated at 0.1–
d0.25 Hz using electrodes (glass pipettes filled with extracellular so-
ilution) that were placed in stratum radiatum.
BCells were held at −65 to −70 mV to record AMPAR EPSCs and at
o+40 mV to record NMDAR EPSCs. AMPAR EPSC amplitudes were
tcalculated by averaging 30 EPSCs at −65 mV and measuring the
Ppeak (2.5 ms window) compared to the baseline (2.5 ms window).
bNMDAR EPSC amplitudes were calculated by averaging 30 EPSCs
pat +40 mV and measuring the amplitude (5.5 ms window) 60 ms
gafter EPSC onset compared to the baseline. The measurement for
aAMPAR EPSCs was unaffected (<2%) by D-APV (25 M), while that
efor NMDAR EPSCs was completely (>98%) blocked (data not
ashown), indicating that they were not contaminated by the other
rreceptor subtype. For comparing the amplitudes of EPSCs re-
scorded from infected versus neighboring uninfected neurons, neu-
1rons were patched sequentially, usually patching the GFP-positive
tneuron first. Stimulus position and intensity were set to evoke an
tEPSC of w50–100 pA. Upon termination of the first recording, a
swhole-cell recording was immediately obtained from a neighboring
Muninfected cell while maintaining the position, intensity, and fre-
squency of stimulation (Shi et al., 2001). To determine the effects of
ctransgene expression, we directly compared each pair of cells by
knormalizing the EPSC amplitude of the uninfected neuron to 100%
c(rather than comparing mean EPSC amplitudes; see Shi et al.,
m2001). When this procedure is used, each cell pair contributes equ-
nally to the calculated mean, and the potentially distorting effects of
individual EPSC measurements >2 SD outside the mean are mini-
mized. To induce LTP, cells were held at −10 mV while stimulating S
Rafferent inputs at 1 Hz for 100 pulses. To induce LTD, cells were
held at −45 mV while stimulating afferent inputs at 1 Hz for 500 e
tpulses.The coefficient of variation (CV) analysis was done as previously
escribed (Kullmann, 1994). Briefly, CVs were estimated for epochs
f 30 consecutive trials. Sample variances (SV) were calculated for
PSC amplitudes and for noise sweeps. The CV was calculated as the
quare root of the difference of the sample variances [SV(EPSC) −
V(Noise)], divided by the mean. The CV of NMDAR EPSCs was
igher than previously reported (Kullmann, 1994), because NMDAR
PSC amplitude measurements were made 60 ms after EPSC on-
et in the absence of CNQX, not at the peak of the NMDAR EPSC,
hus adding variance to the measurement. Minimal stimulation ex-
eriments were performed as described previously (Isaac et al.,
996). Briefly, after evoking a small (20–40 pA) EPSC at −65 mV at
.25 Hz stimulation frequency, stimulation strength was reduced in
mall increments to the point that failures versus responses could
e clearly distinguished visually. Stimulation intensity and fre-
uency were then kept constant for the duration of the experiment.
ailures versus successes were defined visually without knowledge
f the infectious state of the cells. In a subset of cells (n = 5), the
roportion of failures was calculated using the methods of Liao et
l. (1995), and this analysis gave essentially identical results. Per-
ent silent synapses were calculated as described previously (Liao
t al., 1995). Briefly, failure rates at −65 mV (F−65 mV) and +40 mV
F+40 mV) were estimated, and the percent silent synapses was cal-
ulated as = 1 − ln(F−65 mV)/ln(F+40 mV).
pine Density
FP-positive neurons were filled with Alexa Fluor 568 hydrazide
uring whole-cell patch clamping. Slices were fixed immediately in
% PFA, washed with PBS, and mounted for visualization on a
eiss LSM 510 laser-scanning confocal microscope with a 63× oil
mmersion Apochromat objective (N.A. = 1.4). Z stacks of parts of
pical secondary dendrites were collected and reconstructed in 3D
sing Volocity software (Improvision). Spines were counted by vi-
ual inspection without knowledge of the virus construct with
hich the cell had been infected. For each cell, two dendritic fields
ere analyzed. “n” refers to number of cells examined.
ynaptic AMPAR and NMDAR Puncta Measurements
at dissociated hippocampal neuronal cultures (Yu and Malenka,
003) were infected at DIV14 and fixed for analysis 24 hr later. A
abbit polyclonal GluR1 antibody (gift from Dr. R. Huganir) was live
ed to the neurons at 1:1000 for 15 min at 34°C to label surface
MPARs. The neurons were then washed twice in Neurobasal me-
ium and fixed for 5 min in 4% PFA/PBS and a further 15 min in
ce-cold methanol at −20°C. Neurons were blocked for 1 hr in 10%
SA/PBS. The cells with surface-labeled GluR1 were incubated
vernight at 4°C with antibody to the presynaptic active zone pro-
ein Bassoon (1:1000; mouse monoclonal; Stressgen) in 3% BSA/
BS. For NR1 staining, the neurons were incubated with NR1 anti-
ody at 1:100 (mouse monoclonal; Pharmagen) and antibody to the
resynaptic active zone protein Piccolo (1:1000; rabbit polyclonal;
ift of Dr. V. Zamorano). Bassoon and Piccolo are highly colocalized
t presynaptic boutons in hippocampal cultures (>90%) (tom Dieck
t al., 1998; Zhai et al., 2000). The secondary antibodies Alexa 568
nd Cy5 were used for the receptors and presynaptic markers,
espectively. Images were acquired on a LSM510 confocal micro-
cope with a 63× oil immersion Plan Achromat objective (N.A. =
.4) with a 3× digital zoom. The images were thresholded for both
he GluR1/NR1 channel and the presynaptic marker channel. Only
he NMDAR or AMPAR puncta colocalizing with Piccolo or Bas-
oon staining, respectively, were analyzed, using the Integrated
orphometry Analysis tool in Metamorph Software. The density of
ynaptic NMDAR or AMPAR puncta was normalized to the GFP
ontrol of sister cultures, and data analysis was performed without
nowledge of which virus (CREBCA or GFP alone) was used. Each
onstruct was tested in a minimum of two independent experi-
ents with two coverslips per experimental condition. “n” refers to
umber of cells.
tatistical Analysis
esults are shown as mean ± SEM. “n” refer to the number of cells
xamined. Statistical significance was assessed using the two-
ailed Student’s t test. For the experiments involving sequential
Silent Synapses and CREB
751paired recordings, significance was assessed using the paired two-
tailed Student’s t test on raw amplitude measurements. The Kolmo-
gorov-Smirnov test was used to compare the cumulative prob-
ability histograms of AMPAR mEPSCs.
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